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ABSTRACT 
The body of work presented here is focussed on five published papers which address solving 
inorganic scale problems experienced by the North Sea oil industry with a focus on the Norwegian 
Continential Shelf (NCS) over the last ten years or so.  The degree of increasing difficulty in 
addressing issues of serious barium sulphate scaling, in the reservoir and wellbore areas, 
complicated by seawater breakthrough, the authorities demand for improvement in environmental 
properties of the chemistries deployed, the cost driven push for longer treatment life and with the 
increasing awareness of the damaging effects of deploying water based scale inhibitors into water 
sensitive reservoirs, is described in detail. 
The work focuses on industry developed laboratory test methods, synthesising novel chemistries and 
developing improved deployment designs as a means of solving these significant problems. 
The work is not a pure chemistry programme, it is an applied chemistry study focused on solving real-
life oilfield scale problems.  The project(s), planning and strategy involved leveraging knowledge and 
input from across the disciplines of production chemistry, petroleum engineering and near wellbore 
region modelling.  It should be noted the real driver for the work was the inability of the available 
commercialised chemistries to resolve the problems.  The resultant loss of production and associated 
remedial treatments were of a significant financial and environmental cost to the industry. 
The papers cover the design testing and deployment of co-polymers and terpolymers to produce 
innovative molecules which offer higher performance scale inhibition and life of treatments in actively 
producing oil wells.  The new molecules meet the environmental requirements of biodegradation, 
bioaccumulation and toxicity. 
The projects offered are under the following headings: 
 Enhanced inhibitor squeeze treatment life through "Bridging" 
 Field experiences in Application of Inhibitor Interactive Packages Resulting in Increased 
Squeeze Life. 
 Development of multi-functional chemicals for efficient "fines" control and squeeze life 
enhancement in producing oil wells. 
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 Development of highly efficient and environmentally friendly scale inhibitor molecules for 
oilfield use, including reference to more efficient placement technology. 
 Oil soluble scale inhibitor development. 
The papers describe synthesis, laboratory testing and field deployment experiments leading to 
adoption of the new technology by multi-national oil companies.  In most cases patents have also 
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GLOSSARY 
Permeability The ability or measurement of a rock’s ability to transmit fluids typically 
measured in darcies or millidarcies. 
Sandstones which are permeable and transmit fluids easily tend to have many 
large well connected pores. 
Relative permeability Is the ratio of effective permeability of a particular fluid at a particular 
saturation to the absolute permeability of that fluid at total saturation 
Porosity The capacity of the rock to hold liquids in the pores, ie total pore volume per 
unit volume of rock – is measured in volume/volume percent or porosity units. 
Productivity index 
(PI) 
Calculated from dividing pressure drop over tubing into the flowrate of oil  
Units Sm³/day/bar (which Sm³ is standard m³).  It is a mathematical way of 
expressing the ability of a reservoir to deliver fluids to the wellbore.  
Alternatively the PI is usually stated as the volume delivered per psi of 
drawdown at the sand face (perforations) in bbls/day/psi. 
Pore Is a discrete void within a rock which can contain air, water, hydrocarbons or 
other fluids.  In a body of rock the percentage of pore space is the porosity. 
Pore volume (PV) The total volume of the pores in a core plug.  Each total sweep of liquid of that 
volume is referred to as 1 pore volume. 
Squeeze Displacement of fluids in reverse flow down the tubing and out into the 
reservoir.  Normally to carry chemicals to the near wellbore area of the 
reservoir. 
Water clean up/oily 
water 
Refers to the initial back produced fluids water component after a squeeze.  
The amount of oil in the water and its degree of dispersion can be difficult to 
handle in the production system causing high ppm of oil in the water giving 
unacceptable water quality.  Target is <40 ppm (parts per million). 
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Perforations The holes punched in the casing allowing fluids to be produced into the tubing 
from the reservoir. 
Perforated interval The height of perforations usually in feet. 
HTHP High Temperature High Pressure.  Usually refers to conditions in the reservoir 
and the fluids entering the tubing.  Normally deeper wells are higher 
temperatures.  The gas ratio can give higher pressure reservoir.  Normally 
temperature over 120°C and pressures over 200 bar are referred to as HPHT. 
Formation water 
(FM) 
The water composition in the reservoir usually within the pores. 
SW Sea water.  Commonly utilised to maintain reservoir pressure.  The seawater 
is pumped, at high pressure down special prepared injection wells to the 
reservoir. 
SR Saturation Ration refers to how much salts are dissolved in a brine under 
certain conditions of temperature and pressure.  If SR is >1 the solution is 
supersaturated.  If SR =1 the solution is in equilibrium with the precipitating 
phase. 
SR is calculated from the 'ionpairing' Pitzer equation. 
SR  = ln ([Me] [An] / KSp) 
 KSp  =  solubility product of the scales MeAn 
 [Me]  =  concentration of cation 
 [An]  =  concentration of anion 
SI Saturation Index. 
SI  =  log10  ([Me] [An] / KSp) 
BS&W Base Sediment and Water.  Refers to the amount of water in the oil production 
together with any solids (sediment) which can be sand, for example.  
Expressed at a percentage of the total fluids. 
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SWB Sea Water Breakthrough.  Refers to the amount of seawater, from seawater 
pressure maintenance injection, which is now arriving at the tubing having 
swept across the reservoir from its point of injections. 
Threshold 
Concentration/MIC 
Refers to the ppm (parts per million) of scale inhibitor needed to stop scale 
precipitating. 
ESP Electric Submersible Pumps.  Usually placed down a low pressure well to aid 
lifting the oil to the surface. 
Fines Small particles of clay(s).  Normally from loosely consolidated reservoirs.  
Sand can also be produced at same time. 
Gel package Packages which raise the viscosity of a liquid being deployed down a well of 
long distance and multi-perforated zones.  Particularly horizontal wells.  The 
change in rheology gives better distribution along the length of the well 
producing zones. 
Water block A condition where the near wellbore zone becomes water saturated and has 
its wettability changed to ‘water wet’ .  This changes the permeability to oil and 
blocks the flow of oil.  Can also be due to swelled clay particles blocking the 
pores causing reduction in permeability. 
Coning When produced formation water is sucked into a producing well.  Usually 
occurs in gas wells which are being produced at high rates.  The water 
ingress is at the expense of oil or gas production and will further exacerbate 
the issue by water wetting the rock and changing the rel perm (relative 
permeability) to oil resulting in lost production. 
BHMT Bis hexamethylene pentakis methylene phosphonic acid.  Phosphonate type 
scale inhibitor. 
DETA Diethylene triamine tetra methylene phosphonic acid.  Phosphonate type 
scale inhibitor. 
Page 10 of 172 
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Chen, Montgomerie et al.  Paper contribution 80%. 
The paper SPE 135249, published by SPE and presented in SPE Annual Conference, 
Florence November 2010, has now been peer reviewed and further published by the 
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3. "The Applications of Oil Soluble Inhibitors into Texaco Galley Reservoir. A Comparison with 
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19. "Scale Squeeze Treatments in Short Perforation and High Water Production ESP Wells - 
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1. INTRODUCTION 
Oilfield scale is the "Cardiovascular Disease" of oil production and is generally thought of comprising 
the inorganic salts such as the carbonates and sulphates of the Alkaline Earth metals calcium, 
strontium and barium.  Scale may also manifest itself as complex salts of iron such as sulphides, 
hydrous oxides and carbonates. 
Scaling is normally related to precipitation.  However, precipitation does not always lead to scaling.  
The deposition of mineral scales depends on a number of variables including
1,54,63
: 
 degree of saturation of water 
 rate of temperature change 
 degree of agitation during formation of crystals 
 size and number of seed crystals 
 presence of impurities 
 change in pH of solution42,43 
 changes in system pressure. 
Oilfield scale forms in one of two ways.  1. First a brine (eg formation water) undergoes a change in 
conditions such as temperature or pressure.  This generally gives rise to the carbonate scales or 
NaCI scale in HTHP (high temperature, high pressure) wells.  Second, two incompatible waters (eg 
formation water rich in calcium, strontium and barium and sea water high in sulphate mix.  This 
generally gives rise to sulphate scales
12,15,60
. 
Iron scales (sulphides when production is sour, hydrous oxides when production is sweet) usually 
reflect the corrosion in the system.  The source of iron is predominantly the pipework and vessels in 
the system itself. 
Analysis of typical formation waters for several North Sea fields and North Sea water are attached in 
the Appendix IV.  The formation waters reflect the variation in formation water chemistry encountered 
in North Sea reservoirs. 
Problems caused by Scale does not restrict itself to any particular location in the oilfield, although 
some locations are more important than others in terms of ease and cost of remedial or preventative 
treatment options. 
The economic impact of these options on field development plans can be very significant, particularly 
in subsea environments, and can even make the difference between sanction and rejection of a 
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project. Typical chemical costs for scale squeezing an offshore production well would be in the range 
$40,000 - $150,000
2,5,55
.  If the treatment can be effectively deployed by pumping from the surface 
without specifically controlling the downhole injection profile (bullheading), then the chemical is the 
most significant component of the cost. However, if the treatment requires to be deployed via coiled 
tubing from a diving support vessel (DSV), then rig hire costs in the range $100,000 - $300,000 per 
day can easily dominate the treatment costs, with rig hire potentially being required for 3 - 5 days per 
treatment per well in shallow water (<400 m) environments, escalating in deepwater.  Sulphate 
removal package costs may be in the range $10 - $40 million, depending on the volume of water to be 
treated daily.  
However, the full CAPEX cost for sulphate removal must include deck loading costs, space 
constraints, and power consumption. OPEX costs of $750,000 - $1,000,000 per annum (for filter and 
membrane replacement, biocides and scale inhibitors) should also be included in the calculation, 
meaning that the total figure may require to be multiplied by a factor of 2.5 - 10, depending on the 
production processing infrastructure.  
Hence it is evident that significant costs may be involved in scale management, particularly in subsea 






Scale can cause problems during drilling and completion of a well if the drilling mud and/or completion 
fluid is incompatible with the formation water.  For example, allowing a seawater based mud to 
contact a formation water rich in barium and strontium ions would be undesirable, as would allowing a 
high calcium brine to contact a formation water rich in bicarbonate. 
Clearly, drilling the first well in a new prospect is potentially very hazardous and a more dense mud 
than actually required will probably be used, increasing the risk of invasion and formation damage due 
to scale.  There is no way of knowing the chemistry of the formation water which will be met although 
estimates based on geological and geochemical correlations are feasible.  The collection and analysis 
of representative water samples as soon as possible is obviously beneficial if the consequences of 
drilling mud filtrate invasion are to be assessed and allowed in future wells in the field. 
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1.2 Water Injection 
Problems may arise at the commissioning stage of new injectors if the injection water is incompatible 
with the formation water.  For example, seawater injection into an aquifer rich in strontium and/or 
barium ions can cause sulphate scale deposition.  Problems from sulphate scale can be omitted by 
injecting aquifer water or by sulphate removal treatment of the injected seawater. 
 
1.3 Reservoir Damage 
The effect of scale precipitation deep in the reservoir is an aspect which appears not to have been 
seriously addressed by reservoir engineers.  The question being: does scale precipitation in the 




 injection of seawater into an aquifer 
 movement of seawater through the residual oil zone 
 movement of seawater through oil zone 
 the effect of mixing of seawater and formation water within the reservoir 
 consequences of ion-exchange and rock mineral dissolution processes on the bulk chemistry 
of the floodwater. 
Intuitively, the effect of scale precipitation in the reservoir will be small
55
.  However, the consequences 
of effective scaling of specific zones can be significant. 
Scale precipitation in the near wellbore area can be quite detrimental to the inflow properties and the 
productivity of the well.  Most of the scale inhibitor squeeze treatments are performed in producing 
wells in order to prevent scaling in the near wellbore area and tubing. 
 
1.4 Water Production 
As soon as a production well begins to cut water (0.5 – 1 %), a risk of carbonate scale formation 
occurs.  The severity of the problem depends on the water chemistry and is aggravated by high 
drawdowns when carbonate scale may be laid down in the actual formation.  Under certain conditions 
formation water and injection (sea) water flow together towards the wellbore, laying down scale where 
they mix.  When this mixing occurs in the near wellbore area, severe productivity reductions due to 
scaling may occur. 
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1.5 Production Operations 
Once significant water production has occurred, process equipment such as heat exchanges, valves, 
pumps, filters and all associated pipework are at risk.  Super-saturation may be caused by changing 
the temperature and pressure of a water, or by mixing incompatible waters.  The latter possibility may 
arise from a process operation (sand-washing, desalting, jetting, etc) or because waters from different 
formations (comingled production or different wells) are mixed in the production system.  The last 
point is particularly noteworthy; even if a well with seawater breakthrough has not suffered damage, 
the water which that well produces is unlikely to be compatible with formation water, and mixing such 
waters from different wells in the production system will sooner or later cause scaling problems.  
Scale deposits in the downhole safety valve will represent a safety risk, and scale deposits on 
downhole production tubing can be an obstacle to well interventions. 
 
1.6 Radioactivity Associated with Sulphate Scale Deposition 
Barium sulphate scale can easily deposit as a mixed scale containing strontium, calcium and radium.  
Radium, which is an alkaline earth metal with similar chemical properties to barium, often co-
precipitates.  In this way, naturally occurring radioactive materials (NORM) such as radium, may 
effectively be concentrated in the sulphate scale formation and deposition.  This leads to radioactive 
scale and special precautions have to be taken regarding handling and disposal of such scales.  




1.7 Scale Control Strategy 
Once an understanding has been developed of the potential for scale precipitation in the reservoir and 
production system, the technique of applying reservoir simulation calculations may be used to study 
the impact of the various scale control strategies that might be employed.  These range from 
controlling the composition of injected brines, to chemically inhibiting the scaling reaction, usually in 
and around the production wells.  The design of scale inhibitor "squeeze" treatments in production 
wells may be influenced by subsurface fluid pressure and flow conditions, and it is possible to use 
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This is due to its very low solubility relative to calcium carbonate and sulphate scales of strontium and 
calcium.  
 
1.9 Scale Prediction, Inhibitor Chemistry and Mechanisms, Management and Applications 
 
1.9.1 Sulphates 
The deposition of sulphate scale is closely related to sea water injection for pressure support in the 
reservoir.  How sea water flows through the reservoir and into the production well is important for the 
potential sulphate scale problem in the producers. 
Sulphate scale will normally form at the spot where sea water and incompatible formation water mix
54
.  
If this mixing takes place deep into the reservoir the deposited scale is not expected to do much harm.  
It may even contribute to improved water sweep through the reservoir.  On the other hand, if the 




How the sea water breakthrough occurs may therefore be of some significance for the scaling 
situation in a producing well. Two different conditions may be considered: 
1. Pure formation water is produced at water breakthrough. After seawater 
breakthrough, the seawater fraction in the produced water will increase slowly.  
2. A significant amount of seawater (>10%) is mixed into the formation water at water 
breakthrough.  
Normally condition 1 is expected to give the most severe scaling problems.  Wells with water 
breakthrough similar to condition 1 are known to develop sulphate scaling problems in the near 
wellbore area.  
Regarding condition 2 it is expected that most of the mixing of seawater and formation water and 
resultant scale deposition takes place deep in the reservoir.  Most of the scale is precipitated before 
the mixed water reaches the producing well, and the scaling potential for this mixed water is therefore 
less when it arrives at the perforations.  Normal scale prediction calculations do not consider the 
different mixing scenarios or deposition kinetics, and scale predictions are mainly based on 
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management.  Such an approach allows for selection of appropriate economic technology.  Indeed, 
the anticipated problems may influence the plans to develop a field, for example in terms of water 
injection strategies (eg sulphate reduction vs raw seawater injection)
2,5
 or implementing appropriate 




1.9.5 Scale Control Options  
There are four principal categories of scale control options
15,60
, as follows:  
 Selection of injection fluid source  
 Chemical inhibition  
 Chemical/mechanical remediation  
 Flow conformance  
 
1.9.5.1 Selection of Injection Fluid Source  
Injected water used for reservoir pressure maintenance and sweep may be incompatible with in situ 
reservoir brines, typically due to interaction of sulphate ions (in seawater or aquifer water) with cations 
in the formation waters. Injection fluid sources include
55
:  
 Full sulphate seawater1,3,9 
 Reduced or low sulphate seawater, using membrane technology  
 Aquifer water  
 Produced water Re-Injection17 
The choice of source fluid is dependent on the availability of the potential sources of water, and the 
selection process should include a full evaluation of the scale risk within the reservoir, the production 
tubing and the surface facilities. From the scale risk (mass and location of scale) the economic impact 
to the CAPEX and OPEX costs can be evaluated.  
 
1.9.5.2 Chemical Inhibition  
Production wells can be prevented from scale formation by the addition of chemical inhibitors to the 
liquids upstream of the point at which scale starts to form.  These chemicals prevent the nucleation, 
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 Batch (squeezing/fracturing fluid)  
 Continual injection  
 Impregnated solids 
The choice of chemical inhibition is based on the scale risk assessment and the ability to place the 
chemical appropriately.  
 
1.9.5.3 Chemical/mechanical Remediation  
Production wells that have not been adequately protected may experience some degree of production 
impairment due to flow restrictions caused by scale.  There are two primary methods of remediation  
 Chemical dissolution (acids for carbonates and alkalis for sulphates) 
 Mechanical (milling, jetting, explosives on string-shot, re-perforation and fracturing) 
In general, chemical remediation is more efficient for carbonate relative to sulphate scale removal, but 
mitigation rather than remediation is usually regarded as more cost effective.  Mechanical remediation 
methods are generally more effective than chemical, but typically involve greater expense. 
 
1.9.5.4 Flow Conformance  
The amount of scale that forms is a function of the concentration of scaling ions present and the 
volume of water produced. Reducing the volume of produced water would proportionally reduce the 
scale risk.  
Options include:  
 Chemical shut off (relative permeability modifiers11, conformance gels, etc)  
 Mechanical (sliding sleeves, straddle packers, downhole control valves, etc)  
However, although these techniques may be used to reduce or delay water production, it is almost 
inevitable that the formation brines will find an alternative path to the well, and that the scale risk will 
not be eliminated. 
 
1.9.6 Scale Inhibition Mechanisms 
Since the main focus of this Thesis is the development of chemical scale inhibitors we will now 
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Scale inhibitors interfere with nucleation, with crystal growth, or both12 
1. Nucleation inhibition: By disruption of the thermodynamic stability of the growing nucleons.  The 
mechanism of inhibition then involves endothermic adsorption of inhibitor species, causing 
dissolution of the barium sulphate embryo crystals.  Inhibitor acts as nucleation site itself and 
chelates the scale formed in the aggregate. 
2. Crystal growth retardation: Interference/blocking of the growth process of the growing crystals (for 
heterogeneous crystal growth).  The mechanism of inhibition then involves irreversible adsorption 
of inhibitor species at the active growth sites of barium sulphate, resulting in their blockage.  See 
Figure 1.18 above. 
 
In the field, scale deposition is more likely to occur on the many surfaces which are already present in 
the system, eg in perforations, on tubulars, in valves and constrictions and on previously formed scale 
etc.  In effect this means that it is extremely difficult to design a test which can satisfactorily simulate 
all possible scaling conditions in a well.  Only experience from previous treatments in the well can 
give information about the inhibitor efficiency in the individual well. 
For the inhibition of barium sulphate crystallisation, it is the dissociated (ionised) inhibitor functional 
groupings which interact with the growing crystal nucleus
60
.  The fundamental inhibition interaction is 






No crystal agglomeration due 
to electrostatic charge 
repulsion. No crystal adherence 
to a surface and growth to form 
a scale. 
No further crystal growth 
(active crystal growth sites 
are blocked). 
Crystal morphology is 
distorted, preventing the 
formation of a regular, 
crystalline lattice and the 
buildup of an adherent scale. 
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an electrostatic process which, in turn, is affected by solution conditions such as pH.  The solution pH 
dramatically affects the inhibition efficiency of the common phosphonate and polyacrylate based 
inhibitor species.  This relates directly to the extent of dissociation of the inhibitor functional groups (ie 
the pKa values
12,60
).  Because several commonly used inhibitor species have weakly acidic functional 
groups (eg phosphonates, polyacrylates), they are dissociated at higher pH.  At lower pH the 
phosphonates and polyacrylate based species are in their neutral form and are therefore less 
effective inhibitors. 
Inhibitor species containing highly acidic groups (eg sulphonic acid groups as in PVS (poly vinyl 
sulphonate) give good low pH inhibition efficiency. 
An increase in calcium concentration results in an increase in inhibitor efficiency for most of the 
common inhibitors.  The largest enhancement is seen with phosphonate based inhibitor species.  
Increased magnesium concentration appears to "poison" the phosphonate based inhibitors, but has 
little effect on the polymeric species like PVS and PPCA (phosphino carboxylic acid). 
As mentioned earlier there are two principal mechanisms through which inhibitor species prevent 
scale formation; nucleation inhibition and crystal growth retardation.  All effective inhibitor species act 
to some extent through both mechanisms although they mainly act through one particular mechanism 
as follows: 
 Small polyelectrolytes operate primarily through a nucleation inhibition mechanism.  Following 
initial nucleation, they continue to retard crystal growth, but do not appear to block growth 




 Phosphonate species are less effective at preventing initial nucleation. However, once 
nucleation has started, they are very effective at stopping further crystal growth by adsorbing 
at active growth sites on the mineral scale crystal lattice.  This initial nucleation results in a 
drop in supersaturation.  The relatively high level of inhibitor remaining in solution is then 
sufficient to prevent further nucleation.  Thus, after an initial drop in inhibition efficiency during 
the early (nucleation) period, they do not deteriorate significantly due to the operation of the 
crystal growth inhibition mechanism. 
  
Page 35 of 172 
1.9.7 Application of Scale Inhibitors 
If a risk of scale damage is predicted (or known to exist, from past experience) during a given 
operation, scale inhibitors are used.  Scale inhibitors can be incorporated in drilling muds, completion 
brines, and process water.  Continuous injection of scale inhibitors (at the well head) into production 
systems is commonly practiced to prevent scale deposition in process equipment.  Scale inhibitors 
can also be combined with the gaslift gas or injected to ESPs via chemical injection lines.  Also solid 
forms of scale inhibitors are available, as impregnated proppants for fracturing or gravel packs, or for 
dumping in the rat hole of the well or hanging off in baskets in the rat hole or below ESPs. 
Batch (squeeze) treatment of production wells to prevent scaling in the near wellbore area and 
production tubing has become a routine operation for many operators. 
Notes: 
a) Squeeze life can be extended by effecting precipitation squeezes where the chemical is 
mixed with a divalent metal in and allowed to precipitate in the warm reservoir.  On backflow 
the dilution effect causes the chemical to dissolve and flow to the tubing. 
Precipitation Squeezes 
 Retention mechanism 
- Precipitation of inhibitor-calcium salt in formation pore throats  
- Dictated by: 
 Rock type (carbonate) 
 Product chemistry and pH 
 Water chemistry and pH 
 Bottom hole temperature 
 
 
Figure 1.19 : Illustrates calcium polymer 





 Release mechanism 
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1.9.8 The Basic Field Squeeze Strategy 
The chemical squeeze process is routinely used in oil and gas production and is recognised as 
providing one of the most effective and efficient methods of preventing the formation of sulphate and 
carbonate scale in producing wells and in new wellbore areas. 
The basic process involved follows the steps which are illustrated in Figure 1.22. 
1. Preflush: A pre-flush (10-20 m3 ) which generally consists of a very dilute solution of inhibitor 
in water (normally seawater) and possibly some form of surfactant/oil-water demulsifier 
(acting mainly as an injectivity aid and possibly to increase the water wettability of the 
reservoir rock) is injected into the producer.  This both cools and conditions the near wellbore 
formation. 
2. Inhibitor Injection: The main inhibitor slug, generally consisting of 10-15% scale inhibitor 
dissolved in water (normally seawater), is injected into the near wellbore area.  The volume of 
this slug depends on water rate and expected life time of the treatment. 
3. Overflush: The main inhibitor slug is displaced to the required distance from the wellbore 
(normally 3-4 m) by injecting water (normally seawater).  In low-pressure reservoirs diesel or 
nitrogen gas can be used as displacing fluid.  This not only places the inhibitor slug deeper 
into the formation, but may, in addition, displace it from a "cool" near wellbore area into a 
hotter region of the formation. 
4. Shut-in: The well will then be shut in for a specified period (normally 12-24 hrs) in order to 
allow the inhibitor to adsorb (interact) to the rock surface.  Special consideration to shut-in 
time should be given if crossflow exists in the well. 
5. Back Production: After the shut-in period the well is put back on production, and the inhibitor 
is expected to return to the wellbore at a concentration above the threshold level MIC 
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  = Rock porosity 
Clearly, the return velocity to the wellbore will be lowest when the factor 
   1 C
. 
Whether the adsorption is an equilibrium or non-equilibrium process, the underlying adsorption 
isotherm, 
 C
, govern the form of the inhibitor return curve.  For inhibitor adsorption, two forms of 
the isotherm, the Freundlich and Langmuir isotherms are generally used to describe the process
73
. 
The Freundlich Isotherm: nkC  n is the isotherm index obtained from slope 's' of the 
log portion of the desorption curve [n  =  1 + 1/s]. 
The Langmuir Isotherm: bC
abC 1  ܽ maximum absorption concentration C solution concentration b obtained from the gradient 
Where k, n, a and b are constants.  These constants can be altered in the mathematical model until 
values are obtained, which allow the particular return profile to be simulated.  In this way inhibitor 
return data from core flood experiments can be used to design and optimize a field squeeze strategy.  
Adsorption/desorption characteristics are obtained from coreflood experiments and these data are 
input to the SQUEEZE VI simulator.  Optimised squeeze treatments can then be modelled. 
Alternatively, inhibitor return data after a squeeze treatment are used as input to SQUEEZE VI and 
simulations can be used for further optimisation of the treatment
69,70,71,72,73
. 
A schematic view of how inhibitor core flood data can be used to design the field squeeze strategy is 
shown in Figure 1.23. 
Note 1 Core data may not be representative of the 'field'.  But its a start. 
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Note: 
Formation Damage Profile – indicates the ∆P during coreflood tests.  Ideally ∆P would have minimal 
deviation from start of test to the end when returned to permeability to oil/water.  This indicates no 
damage to the core by the chemical. 
Scale Inhibition Return Profile – indicates the return curve or desorption profile of the chemical.  
Ideally, the number of PV pore volumes would be high whilst the Concentration "C" (parts per million) 
of the chemical remained above the MIC minimum inhibitor concentration. 
Adsorption Isotherm – indicates the modelling of the adsorption/desorption profile.  This clearly 
demonstrates the adsorption of a chemical to the core of reservoir rock used in the test.  The steep 
isotherm clearly indicates very strong rapid adsorption reaching a saturated  high plateau.  This is an 
ideal adsorption curve. 
Isotherm Validation – indicates the actual field isotherm compared to the laboratory results. 
Compare Well Treatments – indicates the life of treatments with, eg, differing squeeze designs or 
well conditions. 
The isotherm can be used to study the "sensitivity" of the various elements of a squeeze, eg 
concentration of chemical, volume of chemical, overflush radius etc. 
 
1.9.9 Scale Inhibitor Chemistry 
The most effective and common approach to control the problem of oilfield scale, in particular that of 
barium sulphate, is through the use of chemical scale inhibitors.  For downhole application scale 
inhibitors are injected into the near wellbore formation in a "squeeze" process.  The two main 
properties required for scale inhibitors which are to be applied downhole are as follows
12,15,60
. 
 Threshold inhibition: These species must inhibit scale formation at very low sub-
stoichiometric concentrations, typically at threshold levels of 1 to 15 ppm active inhibitor 
concentration.  This level is also frequently referred to as the minimum inhibitor concentration 
(MIC). 
 Long squeeze lifetime: The inhibitors must show long return profiles 3-12 months from the 
reservoir at levels higher than the required threshold concentration level ie minimum inhibitor 
concentration (MIC). 
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In considering the basic property of threshold inhibition which all scale inhibitors must possess, there 
are a number of a) structural features and b) influencing conditions, which directly control the 
effectiveness of inhibitor species.  The main points are as follows: 
a) Structure features:  include the following molecular attributes: Molecular weight, active 
functional groupings, hydrophobic content, stereochemistry (as relating to lattice matching) 
steric restrictions and flexibility, pKa values; 
b) Influencing conditions:  relate to the following reservoir (and inhibitor treatment) attributes: pH, 
temperature, concentration of scaling ions, cation interaction in particular [Ca
2+




An important point to remember is the manner in which certain tests are performed.  This will be 
described with regard to the comparative sensitivities of generically different scale inhibitors since the 
choice of test procedure can lead to conflicting results.  It is therefore imperative that experimental 
procedures mirror as close as practically possible the exact nature of the scale control problem 
experienced in the field. 
The common commercially available generic chemical types of downhole scale inhibitors are as 
follows: pentaphosphonate (DETPMP), hexa-phosphonates (Hexa-P), phosphino-polycarboxylates 
(PPCA), polyacrylates (PAA); poly vinyl sulphonic acids (PVS) and sulphonated polyacrylate co-
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We conclude then that, for barium sulphate inhibition in the relatively high supersaturation brine 
mixtures generally found in North Sea environments, then it is the dissociated inhibitor functional 
groups that are required to inhibit scale formation.  The mode of attachment is then by strong 
electrostatic bonding.  For carbonate scales, since their formation is generally associated with a pH 
rise due to the loss of CO2 from solution, we are generally dealing with higher pH systems (pH >5.5).  
In such cases the inhibitor molecules are expected to contain a high density of dissociated acid 
groups and once again strong electrostatic bridging mechanisms are responsible for the adsorption of 




1.9.10 Environmental Properties of Scale Inhibitors 
Presently and in years to come the environmental properties of chemicals will be one of the major 
parameters in choosing products. 
Norway has introduced the following parameters when mapping the properties of chemicals: 
 Bioaccumulation ( log Pow) of the different components in the products 
 Biodegradation of the different components in seawater (%) 
 Toxicity tests LC50 
For visualization it is customary to make a plot where the bioaccumulation is plotted against 
biodegradation. 
A plot of this type is presented in Figure 1.26.  The plot is divided into three different regions. 
Components that are located in the green area are classified as environmentally acceptable and can 
be used.  Components in the yellow region shall be phased out and finally components, which are 
located in the red region, are not allowed to be used. 
In the figure the environmental properties of the different components used for scale squeeze the last 
year are included.  The figure proves that most of the components are located in the yellow region, 





Figure 1.26 : Environm
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CHAPTER 2 
OVERVIEW OF PUBLICATIONS 
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The five papers included in this review demonstrate the R&D development process involved in 
selecting, deploying and monitoring downhole scale control in the oil industry.  The necessary 
synthesis and manufacture of novel chemistry is also presented.  The problems reviewed were not 
technically or commercially surmountable using the available products at that time. 
Reference is also given to the Patents awarded. 
 
Paper 1 SPE 80377 A way Beyond Scale Inhibitors – Evaluating Scale Inhibitor Squeeze Life 
Through Bridging. 
Paper 2 SPE 100466 Field Experience in the Application of Inhibitor/Additive Interaction 
Package to Extend an Inhibitor Squeeze Life. 
Paper 3 SPE 113926 Development of a New Polymer Inhibitor Chemistry for Downhole 
Squeeze Applications. 
Paper 4 SPE 135249 Meeting the Challenges in the Downhole Scale Control of High-Water-
Production Horizontal Wells in Environmental Sensitive Part of the 
Norwegian North Sea. 
Paper 5 SPE 50706 Development of an Oil Soluble Inhibitor for a Subsea Satellite Field. 
 
The order of presentation of the papers is designed to reflect the continuous improvement 
developments which took place in order to address the specific problems.  The work although 
thorough had to be conducted almost against the clock since the oilfields were "in constant 
production" and had to cope with serious scaling issues causing potential millions of dollars damage 
and lost production. 
The development story begins with a polyaspartate based scale inhibitor which performed poorly as a 
squeeze scale inhibitor on the basis of short squeeze life.  It did however demonstrate the ability to 
control ‘fines’ and sand production in specific wells.  This until then, unknown property was then 
studied and the polyaspartate used to extend the poor squeeze life of other polymers by the newly 
invented process of "bridging". 
The project continued by focusing on improving the bridging properties by using a synthesised poly 
DADMAC (diallyldimethyl ammonium chloride) of selected molecular weight. 
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Finally the scale inhibitors, available at the time, which had poor environmental performance, short 
squeeze treatment life, poor barium sulphate inhibition coupled with difficulty in accurate residual 
analysis at the ppm (parts per million) level required of a squeeze scale inhibitor led to the industry 
demanding improved molecules be urgently developed. 
The papers include the synthesis testing and deployment  of the novel polymers successfully 





Managing inorganic scaling of produced water has been an ongoing challenge to the oil exploration 
and production industry,  As the reserves become more rare the industry has been forced into 
developing more demanding reservoirs with HPHT, long horizontal wells and high barium connate 
water complicated by using seawater injection for pressure support.  The authorities have also driven 
more environmental awareness by demanding treatments with low toxicity, high biodegradability and 
little or no bioaccumulation properties.  This thesis has summarised the challenges encountered and 
the achievements produced when working closely with Statoil to overcome the difficulties.  The 
papers focus on developing novel scale inhibitors and bridging technology for downhole scale 
treatments which solved the barium sulphate problems by using scale squeeze deployments.  It 
should be noted that at the time, commercially available chemicals did not sufficiently address the 
challenges.  Wells were being damaged and millions of dollars lost to irreversible damage, production 
downtime and intervention vessels costs. 
The synthesis of new improved technology was the only way of improving the industry ability to 
control these scale problems. 
Scale squeeze technology improvement demands are indeed significant.  The chemicals require to 
address issues of scale inhibition, residual analysis accuracy, adsorption/desorption profiles, 
compatibility, stability at HPHT high pressure and temperature conditions and have acceptable 
environmental properties. 
 
Paper 1  Describes the failure of a polyaspartate scale inhibitor which was highly biodegradable but 
which did not have a suitable adsorption desorption profile resulting in a very short squeeze treatment 
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life.  The subsequent understanding of this unexpected effect on fines control and laboratory testing 
and validation in the field of the newly proposed ‘bridging’ package was then used together with a 
scale inhibitor product supplied by Rhodia to produce the treatment life required.  The complete 
package also gave acceptable environmental properties and controlled the 'fines' problems. 
The field deployments were accepted for use by the oil company and produced a 50% increase in the 
treatment life.  Savings in excess of £9 million were achieved on one well alone. 
Patents were awarded as described. 
 
Paper 2  Describes future development of this novel bridging concept by testing other chemistries and 
shortlisting DADMAC or a suitable "bridging agent" with superior adsorption properties to the 
polyaspartate.  The focus moved on to wells which were low in clay content sands and the difficulty in 
achieving acceptable squeeze life due to the lower adsorption properties of that rock. 
The paper also describes in some detail, the development of a novel acrylate DADMAC copolymer 
scale inhibitor.  The new molecules were synthesised and screened for barium sulphate inhibition in 
particular. 
The adsorption characteristics of the synthesised copolymer were explored by using sand/crushed 
rock beaker tests as a quick screening method.  The effects of pre-dosing the DADMAC molecule in 
the beaker test quantified its effect on increasing the adsorption of the scale copolymer.  The negative 
relative permeability effects were noted in the core tests. 
The copolymer synthesis had also successfully placed a 'P' (phosphorus)/tag on the molecule which 
could be measured accurately by ICP detection to <3 ppm (parts per million). 
Finally, the products were successfully used in a specially designed squeeze deployment exercise in 
an offshore oilfield.  The novel technology giving barium sulphate inhibition, fines control and 
extended squeeze life was patented and fully commercialised.  The whole package was classified as 
environmental yellow by the Norwegian authorities. 
 
Paper 3.  The work continued to address the ongoing challenges of ever higher barium performance 
together with improved adsorption on rock both with and without the application of the bridging 
technology. 
Page 53 of 172 
New acrylate DADMAC copolymers were synthesised over a range of molecular weights.  
Subsequent testing identified the best all round sample and some characterisation studies indicated 
the desired 'P' (phosphorus) tag was in place irreversibly and in significant quantity to aid residual 
analysis using ICP. 
A series of tests indicated the copolymer was indeed performing as a good barium sulphate inhibitor 
and it also showed improved adsorption both alone and together with bridging technology.  No 
adverse relative permeability effects were noted. 
The products were successfully deployed in the field.  To date over 40 field treatments have taken 
place with squeeze life exceeding 12 months, no oil water problems and good detection of return 
inhibitor concentration. 
The package has a ‘yellow’  classification.  Under these conditions no other commercially available 
products achieve this performance. 
The technology was successfully patented. 
 
Paper 4.  The challenges of very high water production rates with longer horizontal well completions, 
serious barium sulphate (300 mg/l)) and stringent environmental regulations were encountered.  A 
non-damaging reservoir deployment was mandatory. 
The synthesis of DADMAC based polymers was continued by focussing on achieving better barium 
sulphate inhibition performance together with compatibility characteristics.  Compatibility with a third 
party provider’s "gel" package was also mandatory. 
Among the polymers synthesised were the terpolymer of acrylic, fumaric, DADMAC and acrylic maleic 
DADMAC of varying molecular weight and monomer ratios. 
Subsequent laboratory testing barium sulphate inhibition, compatibility, adsorption, corefloods, gel 
package evaluations by Halliburton, led to the selection of a particular fumaric acrylic DADMAC 
terpolymer.  Field deployments were successful to the extent the oil company did not subsequently 
require the ‘gel’ package component to achieve the squeeze life desired. 
The product package was awarded a ‘yellow’ classification.  The PI (productivity index) was 
unaffected by the squeeze process – if anything it improved.  This product package is extensively 
used to this day and has controlled scale, minimised cost and met environmental targets. 
The technology was successfully patented and controls scale in high water production wells. 
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Paper 5.  The technical challenges addressed in this paper include designing downhole scale 
squeeze inhibition treatments which can be deployed in water sensitive reservoirs and or 'dry' wells or 
wells with very low water production. 
The paper describes the development of a new oil soluble scale inhibitor and package which 
obviously does not introduce free water to the sensitive near wellbore areas.  The laboratory tests and 
explanation of the unique properties of this new chemical are described.  Properties identified include 
improved mass transfer from oil to water phases which is irreversible and enhanced partitioning. 
No negative relative permeability effects were noted.  The product hydrolyses and partitions to the 
connate water on the pore walls and then adsorbs to the rock.  Since the partitioning back to oil is 
irreversible the product remains adsorbed until water breakthrough occurs.  This gives the engineer 
proactive treatment possibilities and avoids the scale damage which usually occurs before scaling is 
detected and can be treated. 
This work describes the first oil soluble scale inhibitors to be formulated and applied to solve problems 
in low pressure water sensitive oil reservoirs. 
The technology was successfully deployed over a number of years and successfully patented.  Statoil 
also began to patent the application for dry wells "on completion". 
This oil soluble technology, in my opinion, should be further developed.  Initial focus would be on 
environmental improvements to the package.  The relevant copolymers and terpolymer described in 
Papers 1 to 4 have not been as yet studied for use in ‘oil soluble’ product development. 
They could possibly bring good environmental properties, ease of analysis to <3 ppm residual level, 
excellent adsorption characteristics and leading edge barium sulphate inhibition performance. 
A novel patented oil soluble scale inhibitor range has been developed for use in "dry" early well 
production and or water sensitive reservoirs.  The products have been deployed successfully resulting 
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whilst delivering acceptable squeeze life have generally led to either formation damage through fines 
mobilisation, topside emulsion formation and/or are less environmentally acceptable. 
A novel phosphorus containing end-capped polymer supplied by Rhodia was first deployed on 
Heidrun in January 2002, leading to increased squeeze duration.  However, squeeze life was still 
short and fines mobilisation problems were still common and thus an alternative treatment strategy 
was required to maximise squeeze life and reduce fines mobilisation. 
As a result of a joint R&D program an environmentally acceptable, multi-functional additive was 
identified to meet the challenges in extending squeeze life and effecting clay stabilisation on Heidrun.  
Additives were considered and evaluated for their potential to offer an environmentally acceptable 
treatment regime that extended scale inhibitor squeeze life.  The laboratory procedures adopted to 
assess the suitability of the candidate additive to extend treatment life are detailed later in this paper.  
Finally, the mechanisms believed to be responsible for the effects of the additive on treatments both 
in the laboratory and in the field are discussed. 
The publication describes the problems encountered on a North Sea oilfield, namely: 
1. Loss of production immediately seawater break-through was noted which was identified 
as resulting in serious BaSO4 scaling downhole. 
2. Serious increased entrained oil in the produced water was encountered when a scale 
squeeze programme was initiated.  This oily water issue was exacerbated by the injection 
of brines and chemicals loosening the poorly consolidated fines consisting of clays in the 
reservoir. 
3. Subsequent difficulty in identifying alternative treatment designs and chemicals which 
also had acceptable environmental characteristics. 
The paper describes the identification and design of the laboratory work procedures which were used 
to select the best available solution to both problems: 
a) BaSO4 scale build-up. 
b) Fines released from rock causing oil water issues topside.  It should be noted if oil in 
water is over 40 mg/l it is not allowed to be discharged into the North Sea. 
 
The chemistries involved were phosphonates (industry standard) phosphate esters and various good 
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- 10 ml of the supernatant liquid removed and replaced by 10 ml of the scale inhibitor 
solution 
- 24 hours later concentration of inhibitor in supernatant liquid analysed. 
- Adsorption calculated. 
c) Adsorption test repeated but with 6% brine only – no additive "F" at first step 
d) Blanks tests run as reported. 
 
Results 
The crushed core test indicated that all tested products increased adsorption when additive F was 
present.  Product A was clearly best as expected of a pentaphosphonate. 
This gave confidence to go ahead with the coreflood tests.   
 
Sample  Pre-conditioning Inhibitors Adsorption 
mg/g 
% increase in 
adsorption 
1 NaCl 6%, pH =3 Inhibitor A at pH 3 4.53  
2 Additive, pH =3 Inhibitor A at pH 3 4.91 8.44 
3 NaCl 6%, pH =3 Inhibitor A at pH 5 3.82  
4 Additive, pH =3 Inhibitor A at pH 5 4.04 5.87 
5 NaCl 6%, pH =3 Inhibitor B at pH 3 1.68  
6 Additive, pH =3 Inhibitor B at pH 3 1.85 9.87 
7 NaCl 6%, pH =3 Inhibitor B at pH 5 1.59  
8 Additive, pH =3 Inhibitor B at pH 5 2.01 26.61 
9 NaCl 6%, pH =3 Inhibitor C at pH 3 3.17  
10 Additive, pH =3 Inhibitor C at pH 3 3.19 7.07 
11 NaCl 6%, pH =3 Inhibitor C at pH 5 2.87  
12 Additive, pH =3 Inhibitor C at pH 5 3.16 10.09 
 
Table 2.1 : Enhanced Adsorption of Scale Inhibitors A-C  
 
Coreflood Tests 
Industry standard core flood procedure adopted. 
Clashack outcrop used.  Brine was recreated Heidrun but SO4
2-
 ions not included. 
Filtered through 0.45 µ membrane. 
pH 6.5 prior to injection. 
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The modelling clearly showed a Freundlich Isotherm gave a good fit for this data.  SPE 80377, Table 
4 shows the parameters k, n and r2 values for both treatments: 
k for treatment 4 is 1200 vs 800 for treatment 3 
n for treatment 4 is 0.4 vs 0.16 for treatment 3 
r2 for treatment 4 is 0.11 vs 0.29. 
Note:  k and n indicate higher levels of adsorption for treatment 4 while r2 the adsorption rate constant 
indicates a lower adsorption/desorption rate for treatment 4. 
The mathematical model demonstrates improved desorption profile with additive F preflush. 
Clay Stabilisation (also known as Fines Stabilisation) 
We have already discussed the properties of additive ‘F’: 
1. Some scale inhibiting ability 
2. Fines/clay stabilisation 
3. Squeeze life extension by providing improved adsorption for the scale inhibitor package. 
 
A brief review of the field data is presented. 
It is normal to express well productivity as PI the productivity index which is calculated as a measure 
of pressures and flowrates. 
For a dry well producing above bubble point we calculate the P1 in SM³/day/bar as
54
: 
Plo = Qo/(Pr-Pwf) 
 
Where Q0 is the oil rate SM³/day 
 Pr is the reservoir pressure bar 
 Pwf is the well flowing pressure bar. 
Ideally we graph PI vs time for each well. 
SPE 80377, Figure 6 shows PI dropping from 35 to 16 after a well scale squeeze on 28 October 
2000. 
After reviewing other possibilities, eg precipitation of non-compatible inhibitor package and reservoir 
rock and or fluids it was decided clay migration was the cause. 
Clays can be destabilised and encouraged to become mobile with the produced fluids when exposed 
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7. The deployment of the additive resulted in a 50% increase in treatment life with annualised 
deferred oil saving of 72,500 standard cubic metres valued at over £9 million on one well 
alone.  Massive savings in chemical and treatment costs with the resultant need for less than 
half the interventions is not captured here. 
8. Patent PCT/GB2007/003131 awarded. 
 
2.3 PAPER 2 SPE 100466 
"Field Experiences in the Application of an Inhibitor/Additive Interactive Package to 
Extend an Inhibitor Squeeze Life."  SPE 100466 Journal of Foreign Oilfield Engineering 
Vol 24 No.4 2008.  PCT/GB2007/002877 
 
2.3.1 Development of new polymer scale inhibitor 
This paper presents a continuation of the technology evolved previously and discussed in Paper 1.  
The polyamine acid (polyaspartate) treatment earlier developed and reported has provided improved 
squeeze life and fines control during multiple well treatments.  However, it was decided to develop an 
improved chemical treatment which would be more effective in extending squeeze life in non or low 
clay bearing rock reservoirs.  A major consideration was the requirement to produce a biodegradable 
low toxicity chemical.  The goal was to synthesise both improved scale inhibitors and improved 
bridging/fines control chemicals. 
Several publications have outlined both the experimental and field data as well as treatment designs 
to develop "green" scale inhibitors and additives to extend squeeze life
22,23,24
.  This paper describes 
the development of a novel inhibitor and extender package. 
A literature review
64,65,66
 indicated good squeeze lifetimes demand good inhibitor adsorption.  The 
mechanism can include adsorption and precipitation.  Many factors influence the adsorption, eg the 
inhibitor chemistry and charge and concentration, brine, pH, temperature and rock mineralogy.  At 
lower pH the weakly acidic scale inhibitor will be more protonated and can be retained on the rock 
surface by hydrogen bonding and Van der Waals forces.  Higher pH scenario indicates the scale 
inhibitor will be more dissociated and will be retained by weak Van der Waals forces, and electrostatic 
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- Performance over 2 – 6 hours  
(typically- specific to test) 
- Range of water chemistries and 
temperatures 
- Range of  products and concentrations 
- Evaluation through P  interpretation 
 
 Method: 
The waters to be tested are usually: 
i) produced or formation water 
ii) above mixed with seawater, 
iii) ratios of i) and ii). 
Notes: 
a) The brines are made up as cation and anions calculated to give the final mix to be 
studied usually based on pumping 50:50 of the synthetic anions and cations. 
b) The brines are made up separately as anion/cation to prevent scaling prior to mixing in 
the apparatus coil or loop 
c) Any sulphate SO4²¯ (as Na2SO4) is added to the anion brine as is bicarbonate (NaHCO3) 
d) If pH needs adjusted HCl is added to cation brine and NaOH to the anion brine 
 
- Synthetic brines made up: Cation and Anion 
- pH of the 50:50=Cation:Anion adjusted or at least measured 
- Temperature and back pressure set 
- Cation and Anion pumped separately and heated in heating coils 
- Cation + Anion mixing at T junction just before entering scaling coil.  See Figure 2.8 
- Differential pressure P measured across scaling coil 
- P increases when scale forms and blocks the coil 
- Criteria of Fail is when P increases by 1 psi over the test period 
- Blank test recorded first 
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Composition (mg/l) Heidrun Formation Water Seawater 
Na
+






 1020 428 
Mg²
+
 265 1410 
Ba²
+
 255 0 
Sr²
+
 145 0 
SO4²
-





Table 2.2 : Composition of Brines 
 
The dynamic scale inhibitor performance test is designed to evaluate the ability of the test inhibitor to 
delay the nucleation and growth of scale on a pre-scaled metal surface.  All tests were performed with 
mixed brines, ie 50:50 Heidrun formation water: seawater (see Table 2.2).  The test conditions were 
designed to represent an extreme case of barium sulphate scaling. 
A schematic of the equipment used is presented in Figure 2.8.  In the tests, the formation water and 
seawater were separated into non-scaling cation and anion brine fractions such that on mixing the 
anion and cation brine fractions the mixed brine would be representative of 50:50 mixed formation 
water and seawater.  The barium is present in the cation brine and sulphate is present in the anion 
brine.  The two brines were pumped separately into the heating coil using two pumps (this ensures 
the fluids reach the test temperature before they mix in the loop).  After passing the heating coil, the 
cation and anion brines were then mixed at the T-junction of the inlet of the scale loop.  The formation 
of scale within the scale loop was tracked by measuring the differential pressure changes across the 
coil as a function of time.  Scale inhibitors are designed to prevent the adhesion and growth of scale 
within the scale loop and thus prevent an increase in differential pressure at a particular 
concentration.  This is termed the minimum inhibitor concentration (MIC) and is stated in ppm (parts 
per million). 
 
The transport time for the anion and cation brines prior to mixing was 7 minutes at a pump rate of 3 
ml/minute.  This represents a dead volume of 21 ml of total fluid, pumped by each pump. 
The test conditions were set as below: 
 
Page 71 of 172 
  
Page 72 of 172 
Temperature 85ºC 
Ambient pH of mixed brine 6.5 ± 0.3 (adjusted with 0.1 M NaOH) 
Coil length: 1 m 
Coil internal diameter ~0.9 mm 
Flow rate: 14 ml/min 
 
Following each test, the loop was cleaned with 50 ml scale dissolver, 50 ml deionised (DI) water, 50 
ml 1% acetic acid solution then DI water until pH = 7±1. 
The lowest inhibitor concentrations to inhibit scale formation for 3 hours are shown in Figure 2.10 for 
inhibitors according to the present invention and Figure 2.11 for polyacrylate inhibitor used as 
reference. 
The plots in Figures 2.10 and 2.11 show the differential pressure measured vs time.  In Figure 2.10 
the line marked "Blank" represents the test without scale inhibitor where scale quickly built up inside 
the coil resulting in a steep increase in the differential pressures.  The grey lines represents the test 
where 15 ppm of scale inhibitor was present in the mixed brine.  The differential pressure increase 
was delayed due to the presence of 15 ppm of scale inhibitor.  The black lines represent the tests at 
20 and 25 ppm scale inhibitor respectively.  Both black lines clearly show that when the inhibitor 
concentration was increased to 20 and 25 ppm, the barium sulphate scale precipitation was well 
controlled, resulting in stable differential pressure readings.  In contrast, Figure 2.11 shows that at 
least 35 ppm polyacrylate inhibitor are required to control barium sulphate scale precipitation. 
The dynamic loop tests demonstrate that the polymer material of the invention is an effective scale 
inhibitor under North Sea reservoir conditions.  Under the given conditions where the barium 
concentration is as high as 255 ppm, the scale inhibitor can control the barium sulphate precipitation 
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Conclusion 
1. A novel DADMAC acrylate copolymer has been developed. 
2. The T1422 version of the new molecules outperforms an industry standard scale inhibitor in 
dynamic flow loop tests where the barium sulphate condition was severe. 
3. The initial environmental tests gave indication of biodegradation in excess of 40% which at 
that time was ‘Best in Class’. 
The product was submitted for full scope environmental testing on this basis. 
4. It was decided to take T1422 forward for stability and coreflood testing. 
 
2.3.2 Development of Improved 'Bridging' Polymer 
Based on our experiences with polyamino acids and on the literature reviews we decided to focus on 
DADMAC diallyldimethyl ammonium chloride which had been studied previously.  Research had 
already noted DADMAC being used as a clay stabiliser and had indicated its use in bridging.  
Reference US Patents US 5, 181, 567 and US 5, 038,861.  We decided to synthesise increasing 
orders of molecular weight poly DADMAC using initially homopolymer only, to simplify the chemistry, 
focussing on higher than 50 K Mw to avoid the patent noted above (<50 K molecular weight), see 
Figure 2.12 below. 
It was designed to leverage on the theory
52
 that the adsorption properties were largely based on 
changes to the boundary layer by the charge on the "additive". 
It was thought that the more positive the charge the greater the affinity for the rock surfaces and the 
better retention properties offered to the negatively charged scale inhibitor subsequently added.  The 
strong positive charge, under low pH particularly that expected of amine N
+
 based chemistry, was an 
alternative attractive feature of the DADMAC molecule. 
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A molecular weight range of poly DADMAC samples was made by our laboratory team. 
Due largely to the limited number of samples of core plugs, of which the damaged plugs only were 
crushed to provide the basic "crushed core adsorption" material, it was decided to include the best of 
the new polymer T1422 ie reacted DADMAC and acrylic acid product from the scale dynamic tests in 
the adsorption tests.  A quick adsorption screening run as below using DADMAC Mw 600 K molecular 
weight was designed. 
 
Adsorption/Precipitation Beaker Tests 
The core material was crushed and sieved to less than 2 mm in size, then dried.  It was then 
transferred into 100 ml jars.  The adsorption test was carried out as follows: 
1. A solution of additive (10% wt) in NaCl brine was prepared and two solutions of scale inhibitor 
(10,000 ppm by weight) in NaCl brine were prepared. 
2. The pH of the additive solution was adjusted to 3 and the pHs of the inhibitor solutions were 
adjusted to 3 and 5 respectively 
3. Additive solution (32 ml) was added to each jar containing crushed core material and the jars 
were heated to 85ºC 
4. After 5 hours, 25 ml of each of the supernatants were replaced with scale inhibitor solutions 
5. After 24 hours, the contents of the jars were visually inspected and the inhibitor concentration 
in the supernatants analysed. 
The test was also repeated without the step of adding additive solution.  In this test, 6% NaCl brine 
adjusted to pH 3 was added in step 2. 
The results are shown in Table 2.3 below. 
 
 Visual Observation Retention at pH 3 
(mg/g) 
Retention at pH 5 
(mg/g) 
6% NaCl brine AT pH 3 and 5 – clear 3.93 3.85 
10% Additive AT pH 5 – clear 
At pH 3 – cloudy 
7.61 5.04 
 
Table 2.3 : Inhibitor retention level comparison 
 
The results show that retention on the rock surface was significantly increased in the presence of the 
additive, especially at pH 3.  The observation of cloudiness in the supernatant of the jar containing 
10% additive at pH 3 suggests that precipitation between the additive and the scale inhibitor occurred. 
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It was seen that improved retention performance was achieved.  It was then decided to screen a 




Effect of Additive Molecular Weight and Scale Inhibitor pH on Inhibitor Retention 
The additives used were homopolymers of DADMAC having molecular weights of about 50,000, 
500,000 and 1,000,000. 
 
Adsorption Beaker Tests 
The core material was crushed and sieved to less than 2 mm in size, then dried.  It was then 
transferred into 100 ml jars.  The adsorption tests were carried out as follows: 
1. Six solutions (10 %wt) of additives in NaCl brine were prepared.  The additives had molecular 
weights of 50,000, 500,000 or 1,000,000 as shown in Table 3 below.  Two solutions of scale 
inhibitor (10,000 ppm by weight) in NaCl brine were also prepared. 
2. The pH of the additive solutions was adjusted to 3 and the pH of the inhibitor solutions were 
adjusted to 3 and 5 respectively. 
3. Additive solution (32 ml) was added to each jar containing sand and the jars were heated to 
85ºC. 
4. After 5 hours, 25 ml of each of the supernatants were replaced with scale inhibitor solutions. 
5. After 24 hours, the contents of the jars were visually inspected and the inhibitor concentration 
in the supernatants analysed. 
6. The test was also repeated without the step of adding additive solution.  In this test 6% NaCl 
brine adjusted to pH 3 was added in Step 2. 
7. The results are shown in Table 2.4 below. 
 
 
Retention (mg/g) Inhibitor 
solution pH at 5 
Retention (mg/g) Inhibitor 
solution pH at 3 
6% NaCl brine 2.64 - 
10% Additive 
1,000,000 MW pH at 3 
6.60 9.77 
10% Additive 
500,000 MW, pH at 3 
7.84 8.96 
10% Additive 
50, 000 MW, pH at 3 
6.19 6.44 
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Coreflood Testing 
What you need before you start: 
 Field core - representative of formation that will be treated - preserved 
 Field temperature 
 Field crude oil (water removed) 
 Synthetic brine (water chemistry of formation water / pH) 
 Which chemical you want to test 
Procedure: is specific to test, but generally designed as follows: 
 Core is saturated with crude oil / water 
 Permeability to oil / water measured – before treatment 
 Chemical treatment is effected 
 The core is saturated with crude oil / water 
 Permeability to oil / water measured – after treatment 
 Postflush with synthetic brine – samples collected and analysed for residual chemical 
 Final Permeability to oil / water measured  
Note: 
Permeability: is a measure of the ability of a material (eg rocks) to transmit fluids and is measured in 
Darcy (D). 
 ܳ ൌ ݇. ∆ܲ. ܣߤ. ܮ ൅ ܿ C = atmospheres zero shift K = Darcy 
  cc/sec  
 
Coreflood Test Procedure 
The coreflood test was designed to evaluate the inhibitor return profiles and whether any damage 
may be caused to the formation.  The coreflood procedure was carried out as follows. 
1. Injection of formation brine 
2. Overnight crude saturation and heat up to 98ºC (this temperature was maintained throughout 
the test) 
3. Pre-treatment permeability measurement to crude oil (in forward flow, FF and reverse flow, 
RF) 
4. Pre-treatment brine saturation 
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5. Pre-treatment brine permeability measurement in FF and RF directions 
6. Formation water injection in RF direction 
7. Preflush injection (5 pore volumes of 10% additive in NaCl brine) in RF direction 
8. Shut in for 5 hours 
9. Injection of inhibitor (10 pore volumes of 5% inhibitor in 6% NaCl brine at pH 3) in RF 
direction 
10. Shut in overnight 
11. Oil injection and permeability measurement to crude oil in FF and RF directions 
12. Formation brine injection at FF direction for 5 days and samples collected for chemical 
analysis 
13. Brine permeability measurement in FF and RF directions 
14. Post treatment crude saturation 
15. Post treatment crude permeability measurement in FF and RF directions. 
 
The test was also repeated without the step of adding additive solution.  In this test, 5 pore volumes of 
NaCl brine was added in step 7 and a 10% inhibitor solution in 6% Na Cl at pH 3 was used in step 9. 
The details are shown in the paper SPE 100466. 
It should be noted the inhibitor was added at 5% concentration together with additive.  Whereas the 
test run with no additive had 10% concentration of inhibitor.  This was planned to determine the 
possible savings in inhibitor deployment when additive was used in field treatments. 
Results 
The inhibitor return profile SPE 100466, Figure 4 (demonstrates adsorption/desorption) shows 
>30 ppm of chemical after 500 pore volumes of post flush.  This clearly demonstrates the positive 
effect of the "additive DADMAC".  This is very strong indication of long squeeze life for a polymer! 
Figure 4 also shows the inhibitor at 5% concentration with additive gave better return profile than 10% 
inhibitor with no additive. 
Equally important SPE 100466, Table 4 indicates oil permeability recovery was 93% at 907 mD 
indicating no 'damage'.   No well damage/permeability impairment would be expected based on the 
SPE 100466, Figure 5 stable differential pressure plots recorded. 
Field Treatments 
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Several successful field treatments were carried out, details in paper, using the newly developed 
DADMAC additive and the new acrylate DADMAC copolymer.  SPE 100466, Table 6 shows the 
improved squeeze life vs a standard phosphonate. 
Note:  the rock was sandstone and classed as ‘clean’ with little or no clays present to aid adsorption 
SPE 100466, Figures 6,7,8 demonstrate the improved lifetime.  Squeeze life in excess of 6 months 
obtained resulting in production of 160,000 m³ produced water with no loss in oil production. 
 
Conclusion 
The development programme has produced a novel scale inhibitor which inhibits serious barium 
sulphate scale at low treat rates. 
The copolymer exhibits a good retention on sandstone core with boosted adsorption when used with 
the new poly DADMAC bridging agent.  The increased adsorption is further boosted by the reversible 
precipitation between the bridging agent and the copolymer. 
The copolymer can be detected using ‘ICP’ accurately measuring the 'P' phosphorus which is bonded 
to the polymer molecule. 
Field deployment has proven the products and package are a viable and leading edge/best in class 
treatment for the applications described in the paper.  No reservoir damage has occurred due to the 
treatments.  This package is used in both the UK and Norwegian sectors of the North Sea oil industry. 
The package is classified as ‘yellow’ by the Norwegian authorities indicating excellent properties. 
The package is fully commercialised and in use by the oil industry. 
 
 
2.4 PAPER 3 SPE 113926 
"Development of a New Polymer Chemistry for Downhole Squeeze Applications" SPE 
113926, SPE Production Operations Journal Vol 24 No.3, August 2009, 
PCT/GB2006/002877 
 
Scale inhibitor squeeze treatments have regularly been conducted to prevent both sulphate and 
carbonate scale depositions in a specific North Sea field for more than 10 years.  However, some 
wells, in which the fluid is produced from the "clean" sandstone formation, have experienced relatively 
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short squeeze lives, when squeezing a conventional phosphonate scale inhibitor treatment.    A 
research  programme  has  been  conducted  to  develop  a  novel  polymer  scale  inhibitor  chemistry, 
which combines performance in a number of laboratory static and dynamic tests, with improved scale 
inhibitor adsorption properties on "clean" sandstone formations. Field trials have also been conducted 
with satisfactory results. 
This paper outlines the concept of how novel copolymer scale inhibitor chemistry was developed by 
incorporating a special monomer.  The monomer was introduced to enhance the inhibitor adsorption 
properties, because it carries a special functional group to improve the scale inhibitor affinity for the 
reservoir rock.  This special functional group plays a key role for the newly developed scale inhibitor, 
giving improved and acceptable squeeze life.  A critical aspect of the programme included optimizing 
the monomer content to achieve a good adsorption/desorption balance, to ensure that the scale 
inhibitor would be desorbed/released from the reservoir rock to meet the requirements of an 
acceptable squeeze programme.  An added bonus was that the environmental properties of the scale 
inhibitor polymer were also improved because of the introduction of the special monomer.  A number 
of beaker and dynamic loop tests were conducted and the inhibitor showed excellent efficiency in both 
sulphate and carbonate scale inhibition performance tests under the test conditions adopted. 
This paper also presents detailed laboratory and field data; the squeeze treatment design strategy 
and deployment method adopted for the scale inhibitor. 
Following the successful performance of the new copolymer scale inhibitor and the homopolymer 
derived poly DADMAC discussed in SPE 100466, it was decided to further explore both the molecular 
weight and the completeness of polymerisation reaction of the scale inhibitor manufacture.  A full 
series of environmental/toxicity tests would also be conducted by an GLP approved laboratory.  
Ideally we would achieve an improved environmental profile but retain the performance characteristics 
discussed in SPE 100466.  The chosen newly manufactured polymer would then be deployed in the 
field and performance noted.  Statoil Hydro encouraged the project. 
 Molecule




























te ester.  W






nt was set to




ents in the 
ng monome
0 ppm, the 


























 <1% of the
te to be pres
ing times, te
f 3500 and t
 up in 560 
lly to the D











cated the P 
 phosphate
ent as an e
mperature, 
he 'P' attach











s in order to 
is needed f
bonding wa
 species to 
ster of the la
ratios of rea
ed as ester t
A broadban
uency.  The 
uired using 





















ere are 4 
 monomeric 
e apparent 






and in the f













e 84 of 172 
2 K, 3 K, 
 any free 
CP) was 
orm of a 




, and the 







































.  For this, s
r/oligomer t































nt that the m
g a C-O-P 

































ding of the p
ration of the
ecies are n
h of the bo
ric species r
he integrals 
s put at 30 
s above this
of the phos
is point.  T
ible to see 
f the phosph
nits and part
















ate to the p
 












ed to be p
sent as ph
e 85 of 172 










ie in the 
esent as 
ted data 























e 86 of 172 
 
 
Page 87 of 172 
Some early NMR scans are attached for information only. 
 
Many examples of scale inhibitor including polyacrylates, copolymer of acrylate and sulphonate 
polyaspartate
33




 have been synthesised and tested/deployed in 
the oilfield.  However for specific circumstances there is a need to develop new chemistries.  The 
drivers are oil companies who are producing from more difficult fields with higher pressures and 
temperatures with difficult connate waters and governments who are demanding greener, purer 
chemistries are used.  Focus is on low toxicity, low bioaccumulation and over 60% biodegradation 
achieved in industry tests run by GLP Laboratories.  The accuracy of analysis methods and molecules 
containing ‘tags’ to facilitate analysis are under constant review.  Finding <3 ppm ±1 ppm of a polymer 
in oilfield brines is a real achievement.  For this reason our interest in binding sufficient levels of 
phosphorus "P" tag onto the polymer is obvious. 
A copolymer of DADMAC acrylic acid named Product "B" was synthesised and selected for the 
following test programme. 
 
Experimental 




 A treat rate at 5 ppm inhibited scale for over 3 hours.  This is high end performance in this 
type of test and qualified product B as a suitable scale inhibitor for this water chemistry 
 Compatibility Tests – SPE 113926, Table 2 synthetic water used and product B dosed at 10, 
15, 100, 1000 ppm and 1%, 5%, 10%, strength.  Temperature set 98ºC.  Product B fully 
compatible – based on visual clear solutions after 24 hours.  Product qualified for core test on 
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SPE 113926, Figures 4 and 5 indicate no pressure change during the corefloods.  Products have not 
damaged the cores or caused injectivity issues. 
 
SPE 113926, Figure 6 indicates the inhibitor "B" return profile during the corefloods with and without 
preflush product "A".  The data is generated by sampling the return fluids on regular basis and 
subjection to ICP analysis for ‘P’ phosphorus vs a standard solution of the inhibitor.  The method is 
well documented and accurate to ±1 ppm at down to 3 ppm product B. 
The results show preflush treatment gives >10 ppm for over 800 pore volumes against 5 ppm at the 
500 PV Stage when no bridging agent present in the preflush. 
This indicates an acceptable squeeze life would be expected if the package were deployed in the 
field. 
 
SPE 113926, Table 4 shows a mass balance of the Flood 1 and 2 experiments. 
The data indicates lower return percentages of the applied chemicals for the preflush Flood 2 version 
indicating longer retention/adsorption and likely squeeze life. 
 
SPE 113926, Figure 7 shows the inhibitor "B" return ppm and the ’ion tracking’ from a field 
deployment of Product A preflush and product B.  The Ba²
+
 remains high subsequent to squeezing 
indicating ongoing scale inhibition and presence of inhibitor. 
It should be noted Well A formation is referred to as a ‘clean’ rock with little or no clays which would 
indicate poor adsorption likely with polymers or phosphonates. 
 
It can be seen the inhibitor "B" return remains above the MIC on 08/08/07 which is over 5 months and 
112,500 m³ of produced water.  No loss of well productivity is noted and the Ba level indicates no 
sulphate scaling is yet recurring. 
 
Environmental Test Results 
SPE 113926, Table 1 the toxicity testing results from GLP approved environmental laboratory are 
shown.  Product "B" the copolymer, has an excellent profile and is regarded as "yellow" by the 
Norwegian Authorities. 
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It is thought the introduction of more double bonds to the molecule has increased the sources where 
biodegradation occurs.  This increased biodegradation possibly improves the toxicity performance 
over the longer test period.  
 
Conclusion 
 A highly biodegradable co-polymer inhibitor containing acrylate and quaternary amine 
DADMAC has been developed.  
 Laboratory tests designed to assess compatibility and product performance at the field 
conditions showed that the scale inhibitor in combination with a preflush agent may offer an 
acceptable solution.  The MIC of this inhibitor was measured at 5 ppm at the laboratory test 
conditions and the loop tests were conducted at 50:50 of seawater and formation brine, 
representing the highest scaling potential.  
 In the core test program, two reservoir conditioned core floods were performed.  The first core 
flood was carried out using scale inhibitor only.  The second core flood was performed with 
pre-flush additive and followed by scale inhibitor. Both core floods showed an acceptable 
level of return oil permeability and good inhibitor returns.  A longer inhibitor return was seen 
from the second core flood with the pre-flush additive than that of the first core flood without 
using pre-flush additive.  
 In order to demonstrate the effect, of the enhanced inhibitor return on the application of 
preflush additive, further the simulation was carried out using Squeeze VI to simulate the 
inhibitor returns for both corefloods with and without using the preflush additive.  Good 
inhibitor return data matches were achieved for both core floods and a longer inhibitor return 
was again demonstrated from the coreflood returns when using the preflush additive, ie 
longer treatment life indicated.  
 The field trials performed to date have not encountered any significant pressure build up 
during injection and good post treatment PI has been achieved.  
 Inhibitor returns over ten months after the treatments remain significantly above MIC, 
indicating the potential for long treatment life with the new scale inhibitor. 
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A new product "B" was developed and satisfactorily trialled.  The product has now been used in over 
30 field applications with excellent protection life and no well damage. 
Product "B" has an excellent toxicity profile and is classed as "yellow" by Norway.  Subsequent to the 
published paper product "B" has been the subject of an extended analytical development programme 
incorporating concentration step ups using Sep Pak cartridges on the samples prior to the ICP 
analysis.  We can now detect product B down to 2 ppm in oilfield produced brines. 
To date for the conditions specified the new copolymer is the product of choice for these fields scale 
control.  Production with no scale forming has saved millions of dollars on the one oilfield alone. 
 
 
2.5  PAPER 4 SPE 135249 
"Meeting the Challenges in the Down-hole Scale Control for High-Water-Production 
Horizontal Wells in an Environmental Sensitive Part of the Norwegian North Sea."  SPE 
135249  Journal of production and Operations 21 Dec 2011.  PCT/GB2007/600099 
 
The work described in this paper is a continuation of the polymer scale inhibitor development work 
which started initially with polyaspartates and the subsequent synthesis of an acrylate DADMAC 
copolymer through to field trials and adoption for use by multinational oil companies. 
At each stage there has been the requirement for improved scale inhibition performance, squeeze life 




 (Paper 2.3) exhibited good all round performance but the field scaling condition 




Amongst other ideas it was decided to formulate some terpolymers based on the so far successful 
idea of reacting monomer with DADMAC to leverage on the adsorption biodegradability and low 
toxicity of the DADMAC molecule. 
We presumed inclusion of the DADMAC or amine polymer would ensure good adsorption at low pH 
and desorption at the higher pH of produced water systems.  The low pH ‘protonated’ scale inhibitor 
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Reactants 
Acrylic acid  
Fumaric acid or Maleic acid 
DADMAC (60% in water) 
Sodium hypophosphite 
Sodium persulfate  
NaOH 
 
Deionised water was added to the reactor and heated to 60ºC.  The monomers (ie acrylic acid fumaric 
acid or maleic acid and DADMAC) were then added and the solution stirred.  NaOH was added to 
neutralise the reaction mixture and the initiator (sodium persulfate) and chain transfer agent (sodium 
hypophosphite) were added to induce polymerisation.  The reaction mixture was then allowed to 
reflux and stir for 2 hours.  The resulting terpolymer was then cooled. 
 
Experimental Details 
In order to evaluate the performance of the above chemicals, in controlling scale deposition, dynamic 
loop tests were conducted.  
The brines used in this study were synthetic Heidrun formation water and seawater made from 
dissolved salts with the composition given in Table 2.5. 
 
Composition mg/l Heidrun Formation Water Sea water 
Na
+
 19510 11150 
K
+
 545 420 
Ca
2+
 1020 428 
Ma
2+
 265 1410 
Ba
2+
 255 0 
Sr
2+
 145 0 
SO4
2-
 0 2800 
Cl
-
 33190 20310 
 
Table 2.5 : Water Chemistry Used in the Tests 
 
Dynamic Loop Tests: 
The dynamic scale inhibitor performance test was designed to evaluate the ability of the test inhibitor 
to delay the nucleation and growth of scale on a pre-scaled metal surface.  All tests were performed 
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with mixed brined at 50:50 formation water and seawater (see Table 2.5).  The test conditions were 
designed to represent the worst case of barium sulphate scaling conditions at the temperature of 
90ºC. 
The method and apparatus have been described in previous papers. 
 
Experimental Results 
Dynamic Loop Results for Fumaric Terpolymer 
 
 
Figure 2.26 : Fumaric terpolymer dynamic loop tests 
 
Figure 2.26 above presents the experimental loop results from the dynamic loop tests using the 
fumaric terpolymer.  The plots show the differential pressure measured vs. the time.  The blue line 
represents the test without scale inhibitor (the blank) where the scale was quickly built up inside the 
coil, resulting in a steep increase at 0.5 hours of the differential pressures.  The pink and yellow lines 
represent the tests which had 30 and 20 ppm of scale inhibitor in the mixed brine.  The differential 
pressure increase was delayed due to the presence of scale inhibitor.  Both pink and yellow lines 
clearly show that when inhibitor concentrations were dosed at 30 and 20 ppm, the barium sulphate 
scale precipitation was well controlled, resulting in stable differential pressure readings.  
Figure 2.27 presents the experimental loop results from the dynamic loop tests using maleic 
terpolymer.  The plots show the differential pressure measured vs. the time.  The red line represents 
Figure 3  Fumaric terpolymer Dynamic Loop Tests
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the test without scale inhibitor where the scale was quickly built up inside the coil, resulting in a steep 
increase of the differential pressures.  The blue line represents the tests with 40 ppm of scale inhibitor 
in the mixed brine.  The differential pressure increase was delayed due to the presence of scale 
inhibitor.  The dynamic loop result clearly shows that when inhibitor concentration was dosed at 40 
ppm, the barium sulphate scale precipitation was well controlled, resulting a stable differential 
pressure readings.  
In summary, the dynamic loop tests demonstrated that both new terpolymers were good scale 
inhibitors.  Under the given conditions where the barium concentration is as high as 285 ppm, the 
scale inhibitor can control the barium sulphate precipitation in the dynamic loop at 20 - 40 ppm for 3 
hours test duration. 
 
Figure 2.27 : Maleic Terpolymer dynamic loop tests 
 
i) Terpolymer containing fumaric acid, acrylic acid and diallyldimethyl ammonium 
chloride has been developed as a scale inhibitor. 
ii) Terpolymer containing maleic acid, acrylic acid and diallyldimethyl ammonium 
chloride has also been developed as a scale inhibitor. 
iii) The dynamic loop test results demonstrated that fumaric terpolymer is superior to the 
maleic terpolymer in dynamic tests.  It inhibits barium sulphate scale at the 
concentration as low as 20 ppm (parts per million) under the North Sea reservoir 
conditions where barium concentration is as high as 285 ppm. 
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The fumaric/acrylic/DADMAC newly developed product was selected based on this BaSO4 inhibition 
performance laboratory testing.  This terpolymer was then screened vs updated field information for: 
 
 Brine compatibility 
 Inhibitor efficiency 




Note: When the project reached this stage the field produced water chemistry was found to have 
changed to a barium level of only 94 mg/l.  The new water chemistry was used in the subsequent 
tests SPE 135249, Table 1. 
The test techniques have been detailed in earlier discussions. 
 
Results 
 The product was found compatible in all ranges of concentration in formation water at 
temperatures up to 95°C.  SPE 135249, Figure 2 
 Scale inhibition efficiency at Ba²+ levels of 94 mg/l was  found to be 5 ppm.  Note – the well 
chosen had fast SW breakthrough pushing the Ba down from 200 to approximately 100 mg/l.  
SPE 135249, Figure 3. 
 Coreflood showed little permeability or injectivity impairment when water based terpolymer 
was used.  Return curves indicated 10-22 ppm remaining after 500 pv postflush.  SPE 
135249, Figure 4 indicates good adsorption/desorption. 
 The gel packaged41 inhibitor had adsorption curve around 10-20 ppm up to 200 pv.  SPE 
135249, Figure 5 which although acceptable is inferior to the water based polymer coreflood. 
 
Field application 
The fumaric based product was taken forward for field deployment based on this data. 
Well A would be squeezed using the gel package which had been used many times by the oil 
company. 
Well B would be squeezed using the water based terpolymer product alone – no gel! 
Note – 
Page 97 of 172 
1. The wells concerned were long horizontal wells which make it difficult to get even placement 
along the length when bullheading the fluids.  The gel package utilises the effects of shear 
thickening/thinning to get better distribution along the length of the well. 
2. The superior adsorption indicated by the coreflood experiment gave confidence to go for the 
non gel package.  The gel package is expensive and has not a good environmental profile. 
3. The coreflood return from the gel experiment was extended to 500 pv to collect data for a 
complete model Squeeze VI programme.  Squeeze VI is extensively used
9,10
 nowadays to 
predict squeeze life based on data from core floods.  The model allows design calculation to 
be done fast and is combined with an excellent graphics package which prints the curves/data 
modelled.  Many of the elements of a squeeze can be explored using the program which 
indicates the sensitivity of the elements, eg concentration of chemical, overflush volume, 
squeeze life, return ppm etc etc.  When the actual field squeeze returns are obtained, 
Squeeze VI is used to model the data and compare the isotherm to that from the coreflood.  
The new isotherm can then be used to design the next squeeze treatment. 
 
Result 
Both squeeze jobs were deployed with no problems encountered 
Fast return production and water clean-up experienced 
Well A at the time of paper writing had back produced/protected 600,000 m³ water, see Figure 8 in 
SPE 135249. 
Well B squeeze procedure (no gel) had no problems with the deployment and gave a fast return to 
production with clean produced water experienced.  The inhibitor performance at paper writing had 
protected 150,000 m³ and was yet way above the MIC.  Subsequent treatments using this water 
based terpolymer have lasted over 400,000 m³ produced water flowback. 
Squeeze VI based on the core data isotherm indicated the gel squeeze treatment would last 240 days 
flowing at 4100 m³ water/day and still have ppm above the MIC of 5 ppm. 
 
Conclusion 
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The challenges with controlling scale in this field were exacerbated by the high water production rate, 
horizontal wells completion, serious barium sulphate scaling potential coupled with stringent 
environmental regulations. 
The inhibitor would also be required to have a longer squeeze life than commercially available 
products at that time.  This would help offset the massive costs of deploying treatments from an 
intervention vessel with high day costs. 
The combined effect of these challenges encouraged the operating company to work with a chemical 
service company on a joint R&D programme to develop a chemical inhibitor with improved 
adsorption/desorption (MIC) minimum inhibitor concentration vs barium sulphate in particular. 
Non damaging reservoir deployment was a must have. 
The new developed fumaric terpolymer has been used on over 60 well treatments since this reported 
work. 
The treatments have been successful with no well damage.  Accurate residual analysis using the ‘P’ 
tag on the molecule for ICP and SepPak method has been demonstrated.  Acceptable scale control 
over a range of water chemistry, eg Ba 280 to 78 mg/l with significant SW breakthrough has been 
achieved together with clean water being back produced – dramatic improvement over conventional 
available phosphonate and acrylate polymer chemistries.  The new molecule meets the legislated 
environmental restrictions.  See SPE 135249, Table 2. 
Significant savings through not requiring gel packaged treatments have been achieved.  Combined 
with this, the squeeze life achieved by the new terpolymer has resulted in millions of dollars savings to 
the operating company. 
(Patent PCT/GB2007/000099 granted (Europe, Australia, Canada, US.) 
 
2.6 PAPER 5 SPE 50706 
"Development of an Oil Soluble Scale Inhibitor for a Subsea Satellite Field"  SPE 50706  
SPE JPT March 1999.  US Patent US6,379,612 B1 April 30, 2002 
 
The formation of oilfield scales is often caused by the mixing of incompatible waters and/or by 
changing pressure and temperature causing a reduction in the solubility of the dissolved salts in the 
produced water. To inhibit scale formation a chemical inhibitor typically operates by either nucleation 
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inhibition or crystal growth modification.  Almost all scale inhibitor chemicals are water soluble and are 
typically deployed continuously by injection or by squeeze from an aqueous phase. In most 
circumstances water is the preferred carrier medium since it allows instantaneous mixing and rapid 
interaction with the scaling ions.  However, for treating a water sensitive formation or a well with poor 
lifting energy, the application of a conventional water based scale inhibitor squeeze may have many 
drawbacks. 
These include extended clean up period, increased water saturation in the near wellbore area, 
cessation of production due to water ingress.  Either of these can result in significant loss or 
deferment in the oil production. In this paper a new range of scale inhibitors which are solubilised in 
the hydrocarbon phase are described. These new oil soluble scale inhibitors offer some advantages 
over the conventional water based products.  Furthermore, unlike the oil ‘miscible’ products of the 
past, these new scale inhibitors do not contain any mutual solvent which sometimes can cause 
process upset during the backflow after the squeeze treatment.  The paper will focus on the 
development of a product which is specifically designed for a sub-sea satellite field.  Due to its unique 
properties some of the standard test methods and selection processes had to be modified. 
Special considerations on the treatment design are also needed due to any deployment constraints in 
the field, eg vertical wells or long horizontal wells. 
Historically scale control in producing oilwells has been effected by bullheading water based scale 
inhibitors down the well and radially out into the reservoir formation.  The inhibitor is chosen after 
many laboratory based performance tests including adsorption-desorption characteristics and having 
a desirable isotherm as described in many papers including
49,50,51
.  However, numerous wells have 
exhibited damage associated with the water based scale inhibitor packages squeezed, which resulted 
in permanent loss of production and serious workover costs to restore productivity
45,47
. 
In early life many oilwells are referred to as ‘dry’ and produce very small amounts of connate water.  
Depending on the confidence in reservoir simulation, prediction of seawater breakthrough, and the 
likely increasing water production profile ideally wells are treated in advance of predicted serious 
scaling occurring. 
This means introducing hundreds if not thousands of barrels of water in the scale squeeze package 
into the 'dry' largely oil wet producing area of the reservoir and the near wellbore perforations.  
Experience has ranged from loss in oil production on backflowing the well to significant increased 
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pressure as the squeeze was being initially pumped into the well.  One of the reasons is the change in 
permeability of the oil zones when water is forced in, resulting in change of oil wet to water wet 
characteristics. 
The now water-wet rock presents a ‘barrier’ to oil flow which does not then recover
45,46,47
.  Water will 




This paper addresses the wettability issues particularly in treating relatively dry wells by describing the 
deployment of a novel oil soluble scale treatment package which clearly avoids introducing water to 
the near wellbore with the squeeze package. 
Injecting industry standard water based scale squeeze packages will likely in wells with <20% water 
production increase the water saturation of the formation and thus lower the hydrocarbon relative 
permeability, causing serious loss of oil production from that zone when the well is brought back on-
line.  This is an industry rule of thumb. 
Many other advantages are to be gained from using ‘oil soluble’ or OSi scale inhibitors: 
– Low density vs water based inhibitor gives better ‘lift’ to low pressure wells (lower hydrostatic 
head) 
– Pumping long distances through subsea pipelines to the wellheads (up to 20 km away) is 
improved by the lower density and low viscosity OSi as is return flow 
– Wells can be squeeze treated earlier in life because of the unlikely negative rel-perm effects 
– Avoidance of water block and or ‘coning’. 
 
The OSi products are the subject of a granted patent US 6,379,612 B1 which describes the product 
chemistry and helps the reader understand OSi. 
 
 















C12 – C14 – tertiary – alkyl primary amine
(C11 H25 N)
Page 101 of 172 
Figure 2.28 : Reaction pathway for OSi formation (US Patent 6379,612.  2002) 
 
It should be noted that only a narrow range of primary amines exhibit the properties which produce 
the OSi as described.  The scale inhibitor component can be phosphonates, eg BHMT or DETA and 
some polymers have shown promise. 
The OSi when exposed to brine will partition into the brine phase.  The partition kinetics mass transfer 
will depend on numerous factors, temperature, brine, hydrocarbon etc, but has been shown to be fast.  
The OSi then adsorbs by postulated hydrolyses and electrostatic charge to the rock surface, and is 
then in position ready to desorb into water when it comes into contact.  The OSi scale inhibitor 
component then performs as a normal scale inhibitor of that chemistry. 
Figure 2.29 shows the postulated process whereby the OSi in coming into contact with water in the 
reservoir partitions into the water phase and on hydrolysis leaves the amine and oil components in the 
oil phase.  The free scale inhibitor then adsorbs as expected onto the sand or rock surface. 
 
 
Figure 2.29 : Mass Transfer of OSi molecules from bulk oil phase to rock surface 
 
Figure 2.30 shows the postulated process where the back production of the well causes the oil flow to 
sweep the amine and oil components out of the reservoir.  The adsorbed scale inhibitor awaits 
produced water to pass over it and will then desorb into the water and return to the wellhead 
preventing the produced water from scale formation. 
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phase.   <0.1% remained in the solvent package.  It was noted the concentration in the water was 
approx. x 5 original to the solvent mix. 
This enhanced partitioning has big positive implication for efficiency of the field deployment and 
ultimately life of squeeze. 
A similar test was run at 0,20,50,70,90 °C for 4 hours.  Again little or no chemical remained in the 
solvent carrier, indicating low sensitivity of partitioning to temperature and the partitioning mass 
transfer to water phase is fast. 
 
Scale Inhibition Performance Test 
The dynamic loop blocking test was utilised.  Water chemistry was the targeted field formation water 
with boosted Ba content to 400 ppm to speed up the testing by focusing on severe barium sulphate 
conditions and to cope with the worse case. 
The OSi was dosed to the seawater and heated to 90°C.  The water phase was extracted and on 
cooling injected to the coil with the formation water.  The dose rate was varied to find the MIC.  
Included were standard water based scale inhibitors including the chemical used in the OSi. 




A new technique, to study the effect of adsorption/desorption on a sand column, was implemented.  
The sand column was placed upstream of the coil in the p-mac TEST, details in paper.  Both were 
submerged in a water bath at 90°C.  The column was subjected to: 
 
 Saturation with seawater 
 50 ml kerosene injected to displace the mobile water 
 Injected 100 ml, solution of OSi and shut in overnight* 
 Injected 50 ml kerosene 
 Seawater flowed through column and into premix stage upstream of coil 
 Second line upstream coil was flushed with formation water 
 Effluent from coil collected 
Page 104 of 172 
*Complete column procedure repeated with step* above using 100 ml of the same (activity 
concentration) generic chemical in water. 
 
Results 
1. Indicated good return profile from column which showed the OSi had hydrolysed/adsorbed on 
the sand and then desorbed.  See SPE50706, Table 3, paper below. 
2. The OSi based performance was superior to a same generic "blank" water based test 
indicating again the effect of "enhanced partitioning", ie mass transfer from the OSi giving 
more chemical to adsorb on the sand and to desorb later. 
3. The SPE 50706 Table 3, clearly shows the OSi had a superior adsorption to the sand column 
protecting the water from scaling for double the time achieved by the water based equivalent 
same chemistry scale inhibitor.  
4. The decision was then made to go forward to the final step of coreflood testing which is more 
time consuming, higher tech and has limited good quality core plugs available to the test lab. 
 
Coreflood 
A standard coreflood test programme was carried out with the OSi and with the generic water based 
scale inhibitor.  The effluents from both the adsorption and the desorption stages were collected and 
analysed.  Procedure as in SPE 50706. 
 
Results 
1. No injectivity problems were identified (∆P remained acceptable) SPE 50706, Figure 6 
2. The adsorption/desorption profile was good for 3 ppm after 600 pv, SPE 50706, Figure 5, and 
3. Interestingly we observed some mobile water exited near the end of the kerosene overflush.  
This is a characteristic of OSi and thought to be attributed to the hydrolysis/mass transfer of 
the OSi changing the interfacial tension in the phase fronts in contact with the connate water. 
 
Finally a series of compatibility tests were run with ratios of 1:9 to 9:1 with OSi pill (10% in kerosene) 
and synthetic formation water.  Only slight haziness seen at 9:1 formation water : OSi.  All ratios 
exhibited complete partition of OSi scale component to the water phase. 
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Conclusions 
1. The paper indicated OSi molecules readily partition and hydrolyse to give excellent 
adsorption/desorption profiles on sand and core 
2. The produced water ‘clean up’ period is found to be shorter when OSi type chemicals are 
deployed.  This means less problems handling oil water and risking serious fines from the 
authorities. 
3. Mass transfer of OSi from oleic to water phase is fast and appears irreversible 
4. Enhanced partitioning is a characteristic of OSi and gives improved chemical utilisation 
5. No negative relative permeability effects noted.  Again pointing to suitability for "dry" well 
applications. 
6. The mass transfer of OSi from oil to water phase appears to be irreversible.  This 
demonstrates the OSi scale inhibitor component will adsorb on the rock and await water 
production before it desorbs.  This is ideal for treating new 'dry' wells. 
7. OSi deployments in low pressure wells can give better faster return to full production as a 
consequence of the lower density of the squeeze package and its hydrostatic effects. 
 
Note: 
The suitability of OSi for "dry" wells and indeed wells/cores which are found to be water sensitive was 
noted by Statoil who embarked together with Champion Technologies on patenting "Squeeze on 
Completion" WO 0159255(A1).  The idea was to treat wells, found to have high scale potential and 
where deployment was difficult or expensive – subsea and deep wells, immediately the drilling and 
clean-up process completed.  The OSi would not change the wettability of the rock or the relative 
permeability and the chemical would be adsorbed and await water breakthrough whenever the water 
front arrived.  This would give warning/action time to the operating company who could then plan a 
scale prevention strategy before the well was potentially scale damaged. 
More than 50 OSi squeezes were deployed over a 5 year period.  Some excellent papers were filed.  
In particular SPE 60197 NJ Jenvey et al "The Application/Oil Soluble Scale Inhibitors into the Texaco 
Galley Reservoir" Second International Symposium on Oilfield Scale UK January 2000. 
Jenvey paper compares a conventional water based squeeze with an OSi deployment in the same 
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APPENDIX  I  - PEER REVIEWED PAPERS 
 
Full print of SPE Papers and SPE production Operations manuscript references (Peer Reviewed) 
PAPER 1 SPE 80377 A Way Beyond Scale Inhibitors – Extending Scale Inhibitor Squeeze 
Life Through Bridging 
PAPER 2 SPE 100466 Field Experience in the Application of an Inhibitor/Additive 
Interaction Package to Extend an Inhibitor Squeeze Life 
PAPER 3 SPE 113926 Development of a New Polymer Inhibitor Chemistry for Downhole 
Squeeze Applications 
PAPER 4 SPE 135249 Meeting the Challenges in the Downhole Scale Control of High-
Water-Production Horizontal Wells in Environmental Sensitive Part 
of the Norwegian North Sea 
PAPER 5 SPE 50706 Developments of an Oil Soluble Scale Inhibitor for a Subsea Satellite 
Field 
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